Abstract. The performances of aluminum /vinylester particulate-composites were studied in detail in order to investigate its suitability for engineering applications. This study examined the suitability of atomised aluminum particles for particulate reinforcement of a vinyl ester resin. Mechanical properties were obtained for the composite by testing various percentages of aluminium powder (75-150 m) and vinylester resin. It has been found that the inclusion of Al powder has not significantly changed the properties of vinylester resin, however an improvement in the ductility of the composite has been recorded. The optimal performances of the composite were exhibited by 15% Al composition. The properties of the particulate composites were modeled using numerous empirical models. Unfortunately a significant difference was found between some of the experimental and predicted properties of the Al/vinylester particulate composite. This paper intends to detail the variation of mechanical properties with the change of Al volume fraction in the composite and the performances of empirical models in prediction of the properties of particulate composites.
Introduction
Particulate materials and powder fillers are becoming more popular in composite manufacturing as the weights of the massive composite structures are being reduced substantially while maintaining the required material properties. The low cost, ease of fabricating complex parts and isotropic nature are some of the significant characteristics of particulate composites. The particulate-polymer composite consists of particles (fillers) of the size of m to nm, dispersed into polymeric matrix material. In the past, fillers were frequently added to polymers to increase stiffness and reduce the quantity of the matrix materials and hence the cost of the composite. With the development of material technology, there are many inorganic and metallic fillers that have been used to obtaine modified physical, mechanical, electrical and thermal properties of the particulate-polymer composites [1] [2] [3] . The advances of nano-technology in the recent past has pushed the particulatepolymer composite to a new level. At present, carbon nano-tubes and layered silicates are some of the latest fillers being used with the conventional filler powders such as Silicon Oxides. Glass Spheres, Clay and Calcium Carbonate. Research work done on the particulate-polymeric composites has shown significant improvements of physical and mechanical characteristics by adding a small quantity of nano-scale silicate.
There has been extensive research work carried out on particulate-polymer composites and short fibre composites. The addition of short-fibre fillers has shown an increase of properties significantly at low volume fractions of filler materials [4] . The other significant governing factor that controls the properties of particulate-polymer composites is the aspect ratios of the particles. Usually the practical morphology of particles is spherical and has the aspect ratio of the order of unity. Due to this reason the properties of particulate-polymer composite are significantly different to the short fibre composites. Some notable work by Tavman, Martin et al. and Fu et al. [1, 2, 5] suggest that the addition of fine particles of metallic or organic materials in the size of micrometers will improve the modulus significantly. However, they explained that the strength of the composite varies significantly according to the stress transfer between the particles and the matrix. If the bonding between matrix and the particles are effective, then the strength is obviously increased. Fu Figure 1 The mould for the samples of aluminium particulate composites and Lauke [6] have reported similar observations for short glass fibre/calcite particle/ABS composite. The work detailed in this paper has been carried out to investigate the characteristics and the properties of Al/Vinylester particulate-polymeric composites. There were two sizes of Al powders, 75 m and 150 m, used in this study to examine the effect of the particle size in the composite's characteristics.
Experimental Procedures
Two different types of specimens were moulded for testing. Aluminium powders 75 m and 150 m in diameter were carefully dispersed in to Hetron 922 Vinyl ester resin. Extreme care has been taken to mix the particle evenly with the resin. The MEKP LA BUTANOX was used as the catalyst. Figure 1 depicts the mould that used for sample preparation. The ISO standard 527 was followed for testing. Six sets of samples of differing Al content were manufactured. The Aluminium powder fraction was increased from 0% to 25% by steps of 5% by weight. All the samples were left in room temperature for approximately two weeks for curing. The mechanical property testings were carried out on MTS 100T universal material testing machine.
Modeling Description
A large number of empirical and semi empirical models have been developed that are able to predict the modulus of particulate composites [1] [2] . The model proposed by Einstein has been widely used to predict the modulus of a composite filled with spherical rigid particles. Einstein's equation is only valid at low volumes of filler and assumes that the adhesion between the particle and the matrix is ideal. Einstein's equation is defined as:
where E c is the modulus of the composite, E m is the modulus of the matrix material and V p is the volume fraction of the filler. For the case where the polymer matrix slips by the spherical filler particles rather than adhering to them, an adjustment has been made to his original equation as
(2) a model developed by Counto in the early 1970s has been using for prediction of the modulus of particulate composites accurately when compared with a wide range of experimental data [2] . This model also assumes perfect bonding between the two components of the composite. Counto's model is: The other models used to analyse results was the rule of mixture of Voigt and Reuss [2] . Voigt's model uses the assumption that the specimen is undergoing a uniform strain whilst Reuss' equation uses the assumption that uniform stress is present. These two equations developed by Voight and Reuss represent the upper and lower bounds respectively and can be used to determine relatively accurate results. Voigt's model is represented by: 
Reuss' model is:
An estimate of the elongation of a composite specimen can be made using a model developed by Nielsen [1] . This model assumes that perfect adhesion is present between the particles and the matrix. However, this assumption is not entirely valid due to various other governing parameters but may be considered sufficient for some cases [1] . Nielsen's Equation is:
where ε c is the elongation at breakage of the unfilled polymer.
A relationship between the initial matrix tensile strength and the particle filled polymer composite's tensile strength can be in the form of [1] :
where σ c is the tensile strength of the composite, σ m is the tensile strength of the matrix and b is a constant that accounts for the adhesion quality between the matrix and the particles. According to Tavman (1996) , a value of b=1.1 describes densely packed hexagonal packing in the plane of highest density while b=1.21 represents a case where poor adhesion and spherical particles are present. As a general rule, values of b less than 1.21 indicate progressively better adhesion.
Results and Discussion
Figures 2 to 6 show the results of experimentation graphically. As shown in Fig. 2 , the modulus of the composite has increased with the percentage of Al powder up to 25% in weight as anticipated. The predictions of the basic rule of mixture deviated significantly from the experimental results ( Figure 3) . However, the model developed by Einstein shows an excellent correlation with the experimental results. This also shows uniform dispersion of the particles in the composite and improved bonds between spherical particles and the matrix materials, it is also an indication of the efficiency of manufacturing methods followed during the sample preparation process. The modulus results also have shown no significant effect of particle size effect on the composite modulus. However, the particle size range used here not sufficient for any conclusion. Figures 5 and 6 show that the strength of the composite has not increased with the addition of Al powder but remains moderately constant until 15% of Al powder inclusion. These results indicate that there is insufficient adhesion of spherical particles to the matrix resin. Figure 6 also indicates poor adhesion of particles to resin showing a decrease in elongation with the progressive addition of Al powders. Further, the predictions of the models proposed by Nielsen (Fig 5 & 6) show a significant variation from the experimental results. 
Conclusions
Generally available aluminium powder filled vinylester composite was investigated and found to be a potential material for some engineering applications due to increased modulus of the composite. However, further investigation is required to understand fully the behaviour of the composite. Figure 5 Variation of the strength with Al particle wt.% and the model prediction Figure 6 Variation of the elongation with Al particle wt.% and the model prediction.
